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METHOD AND APPARATUS FOR CALCULATINQ ARTERIAL OXYGEN SATURATION BASED ON PLETHYS- 

MOQRAPHS iNCLUDINQ TRANSIENTS 



This invention relates to non-invasive pulse oximetry and specifically to an improved method and 
apparatus for calculating arterial saturation during transient conditions based upon photoelectric determina- 
tion of a patient's plethysmograph. 

Non-invasive photoelectric pulse oximetry has been previously described in U.S. Patent 4,407,290. U.S. 

5 Patent 4,266.554. U.S. Patent 4,086,915. U.S. Patent 3,998.550, U.S. Patent 3.704,708. European Patent 
Application No. 102,816 published March 13, 1984. European Patent Application No. 104.772 published 
April 4. 1984. European Patent Application No, 104,771 published April 4, 1984. and PCT International 
Publication WO 86/05674 published October 9, 1986. Pulse oximeters are commercially available from 
Nellcor Incorporated. Hayward. California, U.S.A., and are known as, for example, Pulse Oximeter Model N- 

to 100 (herein "N-100 oximeter") and Model N-200 (herein "N-200 oximeter"). 

Pulse oximeters typically measure and display various blood flow characteristics Including but not 
limited to blood oxygen saturation of hemoglobin in arterieU blood, volume of individual blood pulsations 
supplying the flesh, and tiie rate of blood pulsations corresponding to each heartbeat of the patient. The 
oximeters pass light through human or animal body tissue where blood perfuses the tissue such as a finger, 

75 an ear, the nasal septijm or the scalp, and photoelectrlcally sense the absorption of light in the tissue. The 
amount of light absorbed is then used to calculate the amount of blood constituent being measured. 

The light passed through the tissue is selected to be of one or more wavelengths that is absorbed by 
the blood In an amount representative of the amount of the blood constituent present In the blood. The 
amount of transmitted light passed through the tissue will vary In accordance with the changing amount of 

20 blood constituent in the tissue and the related light absorption. 

For example, the N-100 oximeter Is a microprocessor controlled device that measures oxygen 
saturation of hemoglobin using light from two light emitting diodes ("LED's"), one having a discrete 
frequency of about 660 nanometers in the red light range and the other having a discrete frequency of 
about 925 nanometers in the infrared range. The N*100 oximeter microprocessor uses a four-state clock to 

25 provide a bipolar drive current for tiie two LED's so that a positive current liulse drives the infrared LED and 
a negative current pulse drives the red LED to illuminate alternately the two LED's so that the Jncident light 
will pass through, e.g., a fingertip, and the detected or transmitted light will be detected by a single 
. photodetector. The clock uses a high strobing rate, e.g., one thousand five hundred cycles per second, to 
be easily distinguished from other light sources. The photodetector current changes in response to the red 

30 and infrared light transmitted In sequence and is converted to a voltage signal, amplified, and separated by 
a two-channel synchronous detector — one channel for processing the red light waveform and the other 
channel for processing the Infrared light wavefomn. The separated signals are filtered to remove the strobing 
frequency, electrical noise, and ambient noise and then digitized by an analog to digital converter ("ADC"). 
As used herein, Incident light and transmitted light refers to light generated by the LED or other light 

35 source, as distinguished from ambient or environmental light 

The light source intensity may be adjusted to accomodate variations among patients' skin color, flesh 
thickness, hair, blood, and other variants. The light transmitted is thus modulated by the absorption of light 
In the variants, particularly the arterial blood pulse or pulsatile component, and Is referred to as the 
plethysmograph waveform, or the optical signal. The digital representation of the optical signal is referred to 

40 as the digital optical signal. The portion of the digital optical signal that refers to the pulsatile component is 
labeled the optical pulse. 

The detected digital optical signal is processed by the microprocessor of the N-100 oximeter to analyze 
and identify optical pulses corresponding to arterial pulses- and to develop a history as to pulse periodicity, 
pulse shape, and determined oxygen saturation. The N-100 oximeter microprocessor decides whether or 

45 not to accept a detected pulse as corresponding to an arterial pulse by comparing the detected pulse 
against the pulse history. To be accepted, a detected pulse must meet certain predetermined criteria, for 
example, the expected size of the pulse, when the pulse is expected to occur, and the expected ratio of the 
red light to infrared light of the detected optical pulse In accordance with a desired degree of confidence. 
Identified individual optical pulses accepted for processing are used to compute the oxygen saturation from 

50 the ratio of maximum and minimum pulse levels as seen by the red wavelength compared to the maximum 
and minimum pulse levels as seen by the infrared wavelength, in accordance with the following equation: 
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Sa1:iirat:ion = 100% x 



R(B01 - BRl) + BR2 - B02 



BR2 - R(BRl) 



5 



wherein 

B01 is the extinction coefficient for oxygenated hemoglobin at iight waveiength 1 (Infrared) 
B02 is the extinction coefficient for oxygenated hemoglobin at light wavelength 2 (red) 
BR1 is the extinction coefficient for reduced hemoglobin at light wavelength 1 
BR2 is the extinction coefficient for reduced hemoglobin at light wavelength 2 
light wavelength 1 is infrared light 
light wavelength 2 is red light 

and R is the ratio of the optical density of waveiength 2 to wavelength 1 and is calculated as: 



wherein 

Imax2 is the maximum light transmitted at light wavelength 2 

Immz is the minimum light transmitted at light wavelength 2 

Imaxi is the maximum light transmitted at light wavelength 1 

Imini is the minimum light transmitted at light wavelength 1 
^® The various extinction coefficients are determinable by empirical study as are well known to those of skill In 

the art. For convenience of calculation, the natural log of the ratios may be calculated by use of the Taylor 

expansion series for the natural log. 

Several alternate metinods of processing and interpreting optical signal data have been disclosed in the 

patents and references cited above. 
^ Normally, the relative oxygen content of the patient's arterial pulses remains about the same from pulse 

to pulse and the average background absorption between pulses remains about the same. Consequently. 

the red and infrared light tiiat is transmitted through the pulsatile flow produces a regularly modulated 

pletheysmograph waveform having periodic optical pulses of comparable shape and amplitude and a steady 

state background transmlttance. This regular pulse provides for an accurate determination of the oxygen 
^® saturation of the blood based on the detected relative maximum and minimum transmlttance of the red and 

infrared light. 

Changes in the patient's local blood volume at the optical detection site affect the absorption of light. 
These localized changes often result from motion artifact or respiratory artifact which introduce gurtifictal 
pulses into the blood flow. For example, on each Inhalation, the venus return Is occluded slightiy. which 
results in the background intensity component of transmlttance being decreased due to the relatively larger 
volume of blood at the optical detection site. Exhalation allows the venus return to expand, thereby 
decreasing the volume of blood and increasing the background Intensity component of transmittanceT 
Consequentiy. the periodic optical pulses ride on a background intensity component of transmlttance that 
rises and falls with blood volume change. This background intensity component variation, which is not 
"'^ necessarily related to changes in saturation, affects the pulse to pulse uniformity of shape, amplitude and 
expected ratio of the maximum to minimum transmlttance, and can affect tiie reliability and accuracy of the 
saturation determination. 

In addition, there are times when the patient's background level of oxygen saturation undergoes 
transient changes, for example, when the patient loses or reacquires oxygen exchange in the lungs while 
under gaseous anethesia. Consequentiy. the detected red and infrared light transmlttance changes and the 
detected plethysmograph waveform rises or falls over time with changes in the average oxygen saturation 
level in the patient's blood. The transient waveform distorts the pulse shape, amplitude, and the expected 
ratio of the pulses, which In turn affects the reliability and accuracy of the saturation determination* 

Heretofore, with the foregoing known techniques for calculating arterial oxygen saturation, it was known 
^® that, during changes In the background Intensity absorption component due to artifacts from changes In the 
patient's blood volume or transient saturation changes, the determined saturation value was not accurate 
and that it would not become accurate again until the average absorption (or transmlttance) level stabilized 
at the end of the artifact or the saturation transient 
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It also was known that saturation cafculations based upon transient optical signals provided an over- 
estlnnatjon or under-estimation of the actual saturation value, depending upon the trend. The transmittance 
of red light near the 660 nanometer wavelength increases as oxygen saturation increases. This results in 
the detected optical signal value having a smaller pulseitile amplitude, i.e.. a smaller relative difference 

5 between the maximum and minimum of the pulse. In contrast, the transmittance of the infrared light near 
the 910 nanometer wavelength decreases as saturation increases, which causes the Infrared pulsatile 
amplitude - relative maximum to minimum - to increase. For both wavelengths, the transmittance changes 
with changing saturation are substantially linear and continuous In the range of clinical interest, i.e., oxygen 
saturations between 50% and 100%. 

10 The accuracy of the estimation Is of particular concern during rapid desaturation. where average oxygen 
saturation drops rapidly, but the saturation determination based on the detected optical signals indicates a 
greater drop than has actually occurred. The determined saturation thus may actuate low limit saturation 
alarms on an oximeter device that can result in unnecessary and wasteful efforts to rescusitate a patient not 
in danger. 

15 Applicants believe that the change in transmittance that occurs between the maximum transmittance 
time and minimum transmittance time is due to the difference in arterial pulsatile length of pulse that has 
the same oxygen saturation. Because the pulsatile amplitude is quite small, typically less than 5% of the 
overall intensity change, any small change In overall or background transmittance. such as slight changes in 
average blood saturation, can have a relatively large effect in the difference in maximum and minimum 

20 intensity of the light levels. Because the transmittance effect of changing oxygen saturation is opposite in 
direction for the red light at 660 nanometers than for infrared light at 910 nanometers, this can result in 
over-estimation of the pulsatile ratio during periods when saturation Is decreasing, and under-estimatlon 
during periods when saturation is increasing. 

It Is therefore an object of this invention to provide a method and apparatus for compensating for the 

25 effects of transient conditions in the actual optically detected signal, thereby providing a more accurate 
estimation of the actual oxygen saturation value. 

It is another object of this invention to compensate for the effects of distortion in the detected oxygen 
saturation signal caused by artifacts due to localized blood volume changes. 

it is another object of this invention to compensate for the effects of distortion in the detected oxygen 

30 ' saturation signal caused by transient saturation or blood volume artifact by using the low frequency 
characteristics of the detected signal values. 

This invention provides a method and apparatus for compensating for the artif actual errors in light 
transmittance during blood volume changes or transient saturation changes (hereinafter collectively referred 
to as "transient conditions"), thereby providing for improved accuracy of oxygen saturation calculations 

35 during transient conditions. The invention provides apparatus for processing the detected optical signals 
during transient conditions so that the distortion In transmittance caused by the transient can be com- 
pensated. In the preferred embodiment the compensation is made by dividing the detected optical signal 
by its low frequency components, i.e.. the background and transient frequencies below the heart beat 
frequency, from which quotient signal the compensated maximum and minimum transmittance values can 

40 be detected and used in making the saturation determination. Throughout this application, the words 
compensate, correct and adjust are intended to have the same meaning in that the actual detected value is 
converted to an artificial value that results in a more accurate estimation of the actual oxygen saturation of 
the patient. 

The detected optical signals are obtained conventionally by passing red and infrared light through a 
45 patienfs blood perfused tissue, detecting the transmitted light which is modulated by the blood flow, and 
providing red and infrared detected optical signals that are preferably separately processed and optionally 
converted from analog to digital signals. The corresponding red and infrared digital optical signals are then 
processed in accordance with the present invention and the light modulation ratios are determined based on 
the resulting corrected transmittance pulse and used to calculate oxygen saturation. 
50 Applicants have discovered that the detected optical signals can be processed and corrected in 
accordance with the present invention by using the frequency characteristics of the detected optical signal. 
The optical signals for a given wavelength corresponding to the pulsatile arterial blood flow have spectral 
components including a zero frequency at the background transmittance intensity level, a fundamental 
frequency at the frequency of the beating heart, and additional harmonic frequencies at multiples of the 
55 fundamental frequency. Noise, spurious signals, and motion artifact that appear in the detected optical 
signal have frequencies that spread across the spectrum. Transient changes to the background transmit- 
tance intensity appear as low frequency signals that are below the heart rate frequency. 

In accordance with the invention, for each of the wavelengths of the light transmitted, the detected 
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optical signal is split Into two portions. For one of the portions, the frequency domain corresponding to the 
frequency components below the range of the measured heart rate, including the background and any 
transient frequency components, is separated from the higher frequency components. Applicants have 
discovered that if the first domain is separated so that no phase shifting occurs relative to the other portion 

5 of the unfiltered detected signal « the first domain signal can be divided into the unfiltered signal, thereby to 
correct for changes in the pulsatile amplitude In the unfiltered signal portion on a continuous basis, for the 
background transmittance during steady state conditions, during artifactual blood volume changes and 
transient saturation transmittance changes. It may be appropriate to amplify the separated or filtered signal, 
tiie unfiltered signal, or the resulting quotient signal to obtain an adjusted signal having an appropriate 

10 amplitude and resolution for making the saturation determination. 

Separation of the low frequency components may be realized in either the time domain or the 
frequency domain. In the time domain, the separation may occur by passing one portion of the analog 
detected optical signal through conventional electronic circuits such as low pass filters configured to avoid 
any phase shifting to obtain a filtered signal having only the background and low frequency components, 

75 and then passing the filtered signal and a portion of tiie unfiltered analog detected signal into dividing 
amplifiers to divide the low passed signal into the unfiltered signal in phase. This process results in a 
compensated optical signal that can be processed as if it were the actual detected optical signal to 
determine the relative maxima and minima of the detected pulses for the satuation calculations. Alternately, 
the detected optical signal may be digitized and processed using digital signal processing techniques to 

20 filter the detected signal and divide the filtered signal into the unfiltered detected signal. 

Digital processing techniques also may be applied to process the detected optical signal in the 
frequency domain by the application of well-known Fourier Transforms. In this embodiment, a time-measure 
of the detected optical signal for a predetermined number of heartbeats is collected and transformed into Its 
spectral components. The frequency components are then separated Into two domains, the first domain 

25 including spectral components below the measured heart rate so that it Includes the zero frequency spectral 
components of the background intensity and any gradual changes in the background intensity correspond- 
ing to the transient condition, and the second domain being above the tirst so that it ij^cludes the spectral 
components of the fundamental and higher order harmonics of the fundamental for the number of 
hearti3eats in the sample. The separation must occur so tfiat no phase shifting occurs In the first domain. 

30 Then,»the filtered first domain spectral components can be transformed back into the time domain, into the 
background and changing background intensity, and divided Into the unfiltered detected pulsatile waveform 
in phase thereby compensating for transient conditions in the unfiltered waveform. As the time-measure is 
updated to include the patient's current condition, the divison of the unfiltered waveform by its low 
frequency components thus corrects the pulsatile amplitude for changes in the background transmittance on 

35 a continuous basis. 

Thereafter, the oxygen saturation calculation can be based upon the compensated quotient waveform. 

The apparatus of the present invention includes inputs for the detected optical signals, an analog to 
digital converter for converting the analog plethysmograph signal to the digital optical signals (unless the 
plethysmograph signals are provided In digital form), and a digital signal processing section for receiving 
40 the digital signals and processing the digital detected optical signal in accordance with the present 
invention, including a microprocessor, memory devices, buffers, software for controlling the microprocessor, 
and display devices. 

In its context, the apparatus of the present invention is a part of an oximeter device which has the 
capability to detect the red and infrared light absorption. In the preferred embodiment, the apparatus of this 
45 invention is a part of the Nellcor N-200 oximeter which includes a 16 bit microprocessor manufactured by 
Intel Corporation, Model No. 8088, software for controlling the microprocessor to perform the conventional 
oximeter functions, and has structure and processing methods that are unrelated to the present invention, 
and therefore are not discussed herein. 

The invention is described in detail in connection with the drawings in which 
80 Rg. 1 is a block diagram of the apparatus of this invention and the apparatus associated with the 

present invention. 

Rg. 2 is a detailed circuit schematic of the saturation preamplifier in the patient module of Fig. 1 , 
Figs. 3A and 3B are a detailed circuit schematic of the saturation analog front end circuit of Fig. 1 , 
Fig. 4 is a detailed circuit schematic of the LEO drive circuit of Rg. 1 , 
55 Rgs. 5A and 5B are a detailed circuit schematic of the analog to digital converter section of Fig. 1 , 

Rgs. 6A, 6B. and 6C are a detailed circuit schemata of the digital signal processing section of Rg. 1 . 

and 
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Figs. 7a, 7b. 7c, 7d. 7e. and 7f are graphical representations of detected optical signals during steady 
state and transient conditions. 

Referring to Rg. 1, the preferred embodiment of the present invention relates to the apparatus for 
5 processing the detected analog optical plethysmograph signal and comprises portions of analog to digital 
conversion section ("ADC converter") 1000 and digital signal processing section ("DSP") 2000, including 
the software for driving microprocessor 2040. which processes the digitized optical signals in accordance 
with the present invention to determine the oxygen saturation of hemogiobin in arterial blood. Associated 
with the invention, but not forming a part of the invention, is the apparatus for obtaining the detected analog 
10 optical signals from the patient that is part of or is associated with the commercially available Nellcor N-200 
Pulse Oximeter. Such apparatus include plethysmograph sensor 100 for detecting optical signals including 
periodic optical pulses, patient module 200 for interfacing plethysmograph sensor 100 with saturation analog 
front end circuit 300. and saturation analog circuit 300 for processing the detected optical signals into 
separate red and Infrared channels that can be digitized. The N-200 oximeter also includes LED drive circuit 
15 600 for strobing the red and infrared LEDs in plethysmograph sensor 100 at the proper intensity to obtain a 
detected optical signal that is acceptable for processing, and various regulated power supplies (not shown) 
for driving or biasing the associated circuits, as well as ADC 1000 and DSP 2000, from line cumsnt or 
storage batteries. 

The associated elements are straightforward circuits providing specified functions which are within the 
20 skill of the ordinary engineer to design and build. The associated elements are briefly described here, and 
reference is made to the corresponding detailed schematics in the Figures and circuit element tables set 
forth below, to place the apparatus of the present invention in its operating context In the preferred 
embodiment. 

In the preferred embodiment, the invention requires two input signals, the two plethysmograph or 
25 detected optical signals at the first and-eecond wavelengths (e.g., red and Infrared). More than two 
wavelengths may be used. If analog signals are provided, they must be within or be adjusted by. for 
example, offset amplifiers to be within the voltage Input range for tine ADC. In circumstances where the 
signals have been digitized already, they must be bit compatible with the digital signal processing devices, 
DSP. 

30 The pletiiysmograph signal Is obtained in a conventional manner for a non-invasive oximeter, typically 
by illuminating the patient's tissue witii red and infrared light in an alternating fashion, for example. In the 
manner described above for the N-100 oximeter. Referring to Fig. 1. sensor circuit 100 has red LED 110 
and Infrared LED 120 connected in parallel, anode to cathode, so that the LED drive current alternately 
illuminates one LED and then the otiier LED. Circuit 100 also includes photodetector 130, preferably a 

35 photodiode. which detects the level of light transmitted through the patient's tissue, e.g., finger 140. as a 
single, analog optical signal containing both the red and infrared fight plethysmographic, detected optical 
signal waveforms. 

Referring to Rgs. 1. and 2, patient module 200 Includes preamplifier 210 for preampllfying the analog 
detected optical signal of photodetector 130. Preamplifier 210 may be an operational amplifier configured as 

40 a current to voltage converter, biased by a positive voltage to extend the dynamic range of the system, 
thereby converting the photocurrent of photodiode 130 into a usable voltage signal. Patient module 200 also 
includes leads for passing tiie LED drive voltages to LEDS 110 and 120. 

Refening to Rgs. 1 . 3A and 3B. saturation analog front end circuit 300 receives tiie analog optical 
signal from patient module 200 and filters and processes the detected signal to provide separate red and 

46 infrared analog voltage signals corresponding to the detected red and Infrared optical pulses. The voltage 
signal is passed through low pass filter 310 to remove unwanted high frequency components above, for 
example. 100 khz, AC coupled through capacitor 325 to remove the DC component, passed through high 
pass filter 320 to remove any unwanted low frequencies below, for example, 20 hertz, and passed through 
buffer 320 and passed tiirough programmable gain stage 330 to amplify and optimize the signal level 

50 presented to synchronous detector 340. 

Synchronous detector 340 removes any common mode signals present and splits the time multiplexed 
optical signal into two channels, one representing the red voltage signals- and the other representing the 
infrared voltage signals. Each signal is then passed through respective filter chains having two 2-poIe 20 
hertz low pass filters 350 and 360. and offset amplifier 370 and 380. The filtered voltage signals now 

55 contain tiie signal information corresponding to the red and infrared detected optical signals. Additionally, 
circuits for use in preventing overdriving the amplifiers in saturation circuit 300 may be applied, for 
example, level-sensing circuits 312 and 314 (located before and' after low pass filter 310 respectively) for 
indicating unacceptable LED drive current and level sensing circuit 315 (located after programmable gain 



6 



EP 0 335 356 A2 



amplifier 330) for indicating unacceptable input amplifier gain setting. 

Referring to Rgs. 1. 5A and 5B, ADC 1000 provides the analog to digital conversions required by the N- 
200 oximeter. The aforementioned two voltage signals, the red detected optical signal and the infrared 
detected optical signal from patient module 200. are input to ADC 1000. These signals are conventionally 

5 multiplexed and digitized by an expanded range 12-bit analog-to-digital conversion technique, yielding 16- 
bit resolution. The input signals are passed through multiplexor 1010 and buffer amplifier 1020. The 
converter stage includes offset amplifier 1030 and programmable gain circuitry 1040 which allows a portion 
of the signal to be removed and the remainder to be further amplified for greater resolution, sample and 
hold circuit 1050. comparator 1060. and 12-bit digital to analog converter 1080. The buffered signal is 

10 passed through offset amplifier 1030 to add a DC bias to the signal wherein a portion of the signal is 
removed and the balance is amplified by being passed through programmable gain circuitry 1040 to 
improve the resolution. The amplified signal is then passed through sample and hold circuit 1050. the 
output of which Is fed to one input of comparator 1060. The other input of comparator 106u is the output of 
digital to analog ("DAC") converter 1080 so that when the inputs to comparator 1060 are the same, the 

15 analog voltage at the sample and hold circuit is given the corresponding digital word In DAC converter 1080 
which is then stored in an appropriate memory device as the digitized data for the sample and the next 
sample Is sent to sample and hold circuit 1 050 to be digitized. 

Refem'ng to Rgs. 1, 4. 5A. 5B, 6A. 6B. and 6C, DAC 1080 also generates the sensor LED drive 
voltages, under the control of microprocessor 2040. using analog multiplexor 610, which separates the 

20 incoming analog signal into one of two channels for respectively driving the red and infrared LEDs, having 
respective sample and hold circuits 620 and 630. and LED driver circuit 640 for converting the respective 
analog voltage signals Into the respective positive and negative bipolar current signals for driving LEDs 110 
and 120. 

Alternate techniques of converting the analog signals to digital signals could be used, for example, a 

25 16-bit analog to digital converter. 

Referring to Rgs. 1 , 6A, 68 and 6C. DSP 2000 controls all aspects of the signal processing operation 
including the signal input and output and intermediate processing. The apparatus includes 16-blt micropro- 
cessor 2040 and its associated support circuitry including data bus 10. random access memory (RAM) 
2020, read only memory (ROM) 2030. a conventional LED display device 2010 (not described In detail). 

30 system timing circuit 2050 for providing the necessary clock synchronizing signals. In the preferred 
embodiment, microprocessor 2040 is a model 8088 microprocessor, manufactured by Intel Corporation. 
Santa Clara. California. Alternate microprocessors may be used, such as any of model nos. 8086, 80186, 
and 80286, also made by Intel Corporation. 

The N-200 oximeter incorporating the present invention is designed to determine the oxygen saturation 

36 In one of two modes, an unlntegrated mode wherein the oxygen saturation determination is made on the 
basis of pulses detected in the optical pulse signal tiiat are determined to be optical pulses In accordance 
with conventional pulse detection techniques, and in an ECQ synchronization mode wherein the determina- 
tion Is based on enhanced periodic data obtained by processing the detected optical signal and the ECG 
waveform of the patient in accordance with an invention that is not a part of the present invention. 

40 The present invention applies to the calculation of saturation based on detecting maximum and 
minimum transmittance of two or more wavelengths, whether the determination is made pulse by pulse (the 
unlntegrated mode) or based on an averaged or composite pulse tiiat is updated with the occurrence of 
additional pulses to reflect the patient's actual condition (the ECQ synchronized mode). 

Interrupt programs control the collection and digitization of incoming optical signal data. As particular 

46 events occur, various software flags are raised which transfer operation to various routines that are called 
from a main loop processing routine. 

The detected optical signal waveform is sampled at a rate of 57 samples per second. When the 
digitized red and infrared signals for a given portion of detected optical signals are obtained, they are stored 
In a buffer called DATBUF and a software flag indicating the presence of data is set. 

50 This set flag calls a routine referred to as MUNCH, which processes each new digitized optical signal 
waveform sample to identify pairs of maximum and minimum amplitudes corresponding to a pulse. The 
MUNCH routine first queries whether or not there is ECG synchronization. If there is ECG synchronization, 
then the MUNCH routine obtains the enhanced composite pulse data In the ECG synchronization mode. 
Otherwise. MUNCH obtains the red and infrared optical signal sample stored in DATBUF, in the uninteg- 

55 rated mode. The determined maximum and minimum pairs are then sent to a processing routine for 
processing the pairs. Preferably, conventional techniques are used for evaluating whether a detected pulse 
pair is acceptable for processing as an arterial pulse and performing the saturation calculation, whether the 
pulse pair Is obtained from DATBUF or from the enhanced composite pulse data. 
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The MUNCH routine takes the first coming pulse data and determines the maximum and minimum 
transmittance for each of the red and infrared detected optical signals, takes the second coming pulse data, 
and determines the relative maximum and minimum transmittance. The routine for processing the pairs 
applies the aforementioned frequency compensation techniques to the pulse data of each wavelength and 
determines the corrected transmittance for the pulse for each wavelength. Then the oxygen saturation can 
be determined using the corrected transmittance values for the detected pulses of the red and infrared 
optical signals. 

The application of the present invention is demonstrated by the following, with reference to Rgs. 7a. 7fo, 
7c, 7d. 7e, and 7f. 



Example 1 



Figs. 7a and 7b show representative plethysmograph waveforms for a patient's steady state condition 
for the red and infrared detected optical signals. Vmaxr(n) equals 1 .01 volts, and Vminr(n) equals 1 .00 volts, 
for n =» 1.2, and 3 pulses. Vmin(n) is the detected optical signal minimum value at the minimum 
transmittance at the n pulse minimum. The modulation ratio for the maxima and minima red signal is 

Vmaxr(n) = l.Olv = 1.01 
Vmlnr(n) l.OOv 



For the infrared wavelength, Vmaxi{n) = 1.01v and Vminl(n) = I.OOv and the determined modulation ratio 
also is 1 .01 . 

Using these determined modulation ratios in the formula for calculating the ratio R provides: 

R = In rvmaxr(n)/Vminr(n)1 = ,01 = 1.00 
In LVmaxl(n)/Vmxnicn) j 75T 

A determined R = 1 corresponds to an actual saturation value of about 81% when incorporated into the 
aforementioned saturation equation. A saturation of 81% corresponds to a healthy patient experiencing a 
degree of hypoxia for which some corrective action would be taken. 



Example II 

I 

Figs. 7c and 7d correspond to representative plethysmographlc waveforms for a patient during 
desaturation or decreasing saturation transient conditions for the red and infrared detected optical signals 
having optical pulses n « 1 , 2. and 3. However, in this transient example it is known that at n « 1 , the 
actual saturation of the patient Is very close to that during the steady state conditions In the Example I. In 
this transient example, the detected values are as follows: 

For both the red and infrarecl signals: 
tmax{l ) = 1 .0 sees. 
tmm(l) = 1.2 sees. 
tmax(2) = 2.0 sees. 
tmin(2) = 2.2 sees. 
tmax(3) = 3.0 sees. 
tmin<3) =» 3.2 sees. 

For the red optical signals: 
Vmaxr(l) = 1.012v 
Vminr{1) = I.OOOv 
Vmaxr<2) = 1.002v 
Vminr(2) = 0.990v 
Vmaxr(3) « 0.992v 
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Vniinr(3) = 0.980v 

For the infrared optical signals: 
VmaxKI) = 1.008V 
Vminl(1) = I.OOOv 
5 Vmaxi(2) = 1.018v 
Vmini(2) = I.OlOv 
Vmaxi(3) = 1.028v 
Vmini(3) = 1.02uv. 

Calculating the oxygen saturation ratio R at n = 1, using the detected optical signals provides the 
10 following: 

R = ln[Vmaxr(1)A/minr(1)]/ln[Vnnaxi<1)/Vmlni(1)l 

ln[1 .01 2/1 .000]/ln[1 .008/1 .000] 
= In[1.012|/lnt1.00a] 
= ,012/.008 
T5 - 1.5 

Thus, the determined saturation ratio R of 1.5 based on the detected transmlttance corresponds to a 
calculated oxygen saturation of about 65% for the patient which conresponds to severe hypoxia in an 
otherwise healthy patient. This contrasts with the known saturation of about 81% and demonstrates the 
magnitude of the under-estimation of the oxygen saturation {over-estimation of desaturatlon) due to the 
20 distortion In transmittance of the red and infrared tight caused by transient conditions. 

The present invention corrects for the distorted maximum transmittance points of the detected red 
optical signal during transient conditions to obtain a corrected R value that corresponds to approximately 
the same R for the steady state conditions and the actual oxygen saturation of the patient. 

25 

Example 111 



Rgs. 7e and. 7f correspond to representative plethysmographic waveforms for a patient during 
30 increasing saturation transient conditions for the red and infrared detected optical signals having optical 

pulses n =5 1,2. and 3. However, in this transient example It is known that at n = 1. the actual saturation of 

the patient is very close to that during the conditions in the steady state Example I. In this transient 

example, the detected values are as follows: 
For both the red and infrared signals: 
36 tmax(1) « 1.0 sees. 

tmin(1 ) = 1 .2 sees. 

tmax(2) = 2,0 sees. 

tmln(2) = 2.2 sees. 

tmax(3) = 3.0 sees. 
40 tmin(3) = 3.2 sees. 

For the red optical signals: 

Vmaxr(1) = I.OOSv 

Vminr(l) = I.OOOv 

Vmaxr(2) = 1.018v 
45 Vminr(2) = I.OlOv 

Vmaxr(3) = 1.028v 

Vminr(3) = 1.020v 

For the infrared optical signals: Vmaxi(l) = 1.012v 

Vmini(l) = I.OOOv 
50 Vmaxl(2) = 1.002v 

Vmini{2) = .990v 

Vmaxi(3) = .992v 

Vmini(3) = .980v. 

Calculating the oxygen saturation ratio R at n ^ i, using the detected optical signals provides the 
55 following: R = ln[Vmaxr(iyVmlnr(1)]/ln[Vmaxi(1)/Vmlnl(1)] 
= ln[1 .008/1 .000]/ln|1 .012/1 .000] 
= In(1.008]/ln[1.0121 
= .008/.012 
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= .667 

Thus, the determined saturation R of .667 corresponds to a calculated oxygen saturation of about 95% for 
the patient which corresponds to a satisfactorily oxygenated patient breathing room air. This contrasts with 
the known saturation of about 81% and demonstrates the magnitude of the over-estimation of saturation due 
5 to the distortion in transmlttance of the red and infrared light caused by transient conditions. 

The present invention corrects for the distorted maximum transmittance points of the detected red 
optical signal during transient conditions to obtain a corrected R that value corresponds to approximately 
the same R for the steady state conditions and tiie actual oxygen saturation of the patient. 

10 

Example IV 



Figs. 7c and 7d also correspond to representative plethysmographic waveforms for a patient during 
IS desaturation or decreasing saturation transient conditions for the red and infrared detected optical signals 

having optical pulses n = 1. 2. and 3. However, in this transient example it is known that at n = 2, the 

actual saturation of the patient is very close to that during the steady state conditions in the Example I. In 

this transient example, the detected values are as follows: 
For both the red and infrared signals: 
20 tmax(l) = 1.0 sees. 

tmin(l) = 1.2 sees. 

tmax(2) s 2.0 sees. 

tmin(2) = 2.2 sees. 

tmax(3) = 3.0 sees. 
25 tmin(3) = 3.2 sees. 

For the red optical signals: 

Vmaxr(l) = 1.022v 

Vminrd) = I.OOSv 

Vmaxr(2) « 1.012v 
30 Vrninr(2) = 0.998v 

Vmaxr(3) = 1.002v 

Vminr(3) = O.gSSv 

For the infrared optical signals: 

Vmaxi(l) = 1.002V 
35 Vmini{1) - 0.992v 

Vmaxi(2) = 1.012v 

Vmini(2) = 1.002v 

Vmaxi(3) = 1.022v 

Vmini(3) = 1.012v 

40 Calculating the oxygen saturation ratio R at n - 2, using the detected optical signals provides the 
following: 

R = ln[Vmaxr(2)A^minr(2)]/lntVmaxi(2)A/minl(2)] 
» ln[1.012/.998]/In[1.012/1.002] 
s .01393/.0099 
45 =1.4 

Thus, the determined saturation ratio R of 1.4 based on the detected transmittance corresponds to a 
calculated oxygen saturation of about 51% for the patient, which corresponds to severe hypoxia in an 
otherwise healthy patient This contrasts with the known saturation of about 81% and demonstrates the 
magnitude of the under*estimation of the oxygen saturation (over-estimation of desaturation) due to the 
50 distortion in transmittance of the red and infrared light caused by transient conditions. 

The present invention corrects for the distorted minimum transmittance points of the detected red 
optical signal during transient conditions to obtain a corrected R value that corresponds to approximately 
the same R for the steady state conditions and the actual oxygen saturation of the patient. 

55 

Example V 
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Figs. 7e and 7f also correspond to representative plethysmographic waveforms for a patient during 

increasing saturation transient conditions for the red and infrared detected optical signals having optical 

pulses n « 1 , 2, and 3. However, in this transient example it is known that at n = 2. the actual saturation of 

the patient is identical to that during the conditions in the steady state example. In this transient example, 
5 the detected values are as follows: 

For both the red and infrared signals: 

tmax(1) = 1.0 sees. 

tmin(1) = 1.2 sees. 

tmax{2) « 2.0 sees. 
10 tmin(2) = 2.2 sees. 

tmax(3) = 3.0 sees. 

tmin(3) = 3.2 sees. 

For the red optical signals: 

Vmaxr(l) = 1.002v 
75 Vminr(1) = 0.992v 

Vmaxr(2) = 1.012v 

Vminr(2) = 1.002v 

Vmaxr(3) = 1.022v 

Vminr(3) « 1.0l2v 
20 For the infrared optical signals: 

Vmaxi(l) = 1.022v 

Vmini(l) = l.OOSv 

Vmax!(2) = 1.012V 

Vmini(2) = .998v 
25 Vmaxi(3) = 1.002v 

Vmini(3) = .988v 

Calculating the oxygen saturation ratio R at n = 2. using the detected optical signals provides the 
following: 

R = ln[Vmaxr{2)A/minr(2)]/ln[Vmaxi(2)A/mini(2)] 
30 = ln[1.012/1.002]/lnC1.012/.988] 
= .713 

Thus, the determined saturation R of .713 corresponds to a calculated oxygen saturation of about 92% for 
the patient which corresponds to a mildly hypoxic patient breathing room air. This contrasts with the known 
saturation of about 81% and demonstrates the magnitude of the over-estimation of saturation due to the 
35 distortion in transmittance of the red and infrared light caused by transient conditions. 

The present invention corrects the distorted minimum transmittance points of the detected red optical 
signal during transient conditions to obtain a corrected R value that conresponds to approximately the same 
R for the steady state conditions and the actual oxygen saturation of the patient. 
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75 

Claims 



1. A method for detecting and processing arterial pulses of a patient during transient conditions 

characterized by: 

20 passing a first light frequency through the patient's tissue and detecting a first optical signal corresponding 
to changes in the transmittance of the first frequency including periodic transmittance changes related to 
the patient's beating heart, aperiodic transmittance changes unrelated to the beating heart, bacl<ground 
transmittance. and transient baclcground transmittance changes at frequencies below the heart rate; 
passing a second light frequency through the patient's tissue and detecting a second optical signal 

25 corresponding to changes in the transmittance of the second frequency including periodic transmittance 
changes related to the patient's beating heart, aperiodic transmittance changes unrelated to the beating 
heart, background transmittance. and transient bac)<ground transmittance changes at frequencies below the 
heart rate: and. for each of the first and second detected optical signals; 

processing the detected optical signal to obtain a filtered signal substantially comprising the bdcl<ground 
30 transmittance and transient background transmittance components of the detected optical signal below the 
heart rate frequency; and 

adjusting the detected optical signal by dividing the detected optical signal by the filtered signal in phase, 
thereby providing a compensated optical signal. 

2. The method of claim 1 further characterized by calculating oxygen saturation of the patient's arterial 
35 blood flow by processing the compensated first optical signal and the compensated second optical signal to 

detect the maximum or minimum transmittances in the compensated signals for use in calculating 
saturation. 

3. The method of claim 2 characterized in that processing each of the first and second optical signals 
further comprises passing the optical signal through a low pass filter to remove substantially alt of the 

40 frequency components above the background transmittance and transient background transmittance fre- 
quency components so that the filtered optical signal remains in phase with the unfiitered detected optical 
signal. 

4. The method of claim 2 characterized in that processing each of the first and second optical signals is 
further characterized by transforming the detected first and second optical signals into the frequency 

45 domain, separating from the transformed frequency spectrum the low frequencies spectral components 
below the heart rate of the first and second light frequencies corresponding to the background transmittance 
and the transient background transmittance changes, and transforming the low frequency spectrum back 
into the time domain as the filtered signal. 

5. Apparatus for compensating distortion in transmittance caused by transient conditions in a patient's 
so plethysmograph waveform having periodic changes related to the patients beating heart, aperiodic changes 

unrelated to the beating heart, background transmittance. and transient background transmittance changes 
at frequencies below the heart rate for use In an oximeter device, characterized by: 

means for receiving a detected opticai signal corresponding to the transmittance of a first and second light 
frequency passing through the patient's tissue: 
55 filter means for separating the frequency components that are below the fundamental heart rate, thereby 
providing a filtered signal; and 

dividing means for dividing the detected optical signal by the filtered signal in phase, thereby providing a 
compensated optical signal. 
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6. The apparatus of claim 5 further characterized by means for calculating oxygen saturation using the 
compensated optical signal. 

7. The apparatus of claim 5 or 6 characterized in that the filter means is further characterized by a low 
pass filter circuit configured to pass all frequencies below the fundamental heart rate in phase with the 

5 unflltered signal. 

8. The aparatus of claim 5 or 6 characterized In that the filter means is further characterized by: 
means for transforming the first optical signal into the frequency domain; 

spectral filter means for separating the spectral components below the fundamental heart rate into a filtered 
spectrum; and 

10 means for transforming the filtered spectrum back into the time domain, thereby fonning the first filtered 
signal. 

9. The apparatus of claims 5 to 8 characterized In that the filter means and dividing means are further 
characterized by a digital microprocessor device and said apparatus further characterized by means for 
digitizing the detected optical signal into data acceptable for processing by the microprocessor device. 

IS 10. Apparatus for compensating distortion in transmittance caused by transient conditions in a patient's 
plethysmograph waveform having periodic changes related to the patients beating heart, aperiodic changes 
unrelated to the beating heart, background transmittance. and transient background transmittance changes 
at frequencies below the heart rate for use in an oximeter device, characterized by: 

means for receiving a first and second optical signals corresponding to the transmittance of first and second 
20 light frequencies passing through the patient's tissue; 

first filter means for separating the frequency components of the first optical signal that are below the 
fundamental heart rate, thereby providing a first filtered signal; 

second filter means for separating the frequency components of the second optical signal that are below 
the fundamental heart rate, thereby providing a second filtered signal; 
26 a first dividing means for dividing the first optical signal by the first filtered signal in phase, thereby 
providing a compensated first optical signal; and 

a second dividing means for dividing the second optical signal by the second filtered signal in phase, 
thereby providing a compensated second optical signal. 

11. The apparatus of claim 10 further characterized, by means for calculating oxygen saturation using 
30 the first and second corrected compensated signals. 

12. The apparatus of claim 10 or 11 characterized in that the first and second filter means are further 
characterized by a first and second low pass filter circuit configured to pass all frequencies below the 
fundamental heart rate in phase with the unflltered signal. 

13. The apparatus of claim 10 or 11 characterized in that the first and second filter means are further 
35 characterized by: 

first means for transfonming the first optical signal into the frequency domain; 

first spectral filter means for separating the spectral components below the fundamental heart rate Into a 
first filtered spectrum; 

means for transforming the filtered spectrum back into the time domain, thereby forming the first filtered 
40 signal; 

second means for transforming the second optical signal into the frequency dorhain; 

second spectral filter means for separating the spectral components below the fundamental heart rate into a 
second filtered spectrum; and 

means for transforming the second filtered spectrum back into the time domain, thereby forming the second 
45 filtered signal. 

14. The saturation of claims 10 to 13 characterized in that the first and second filter means and dividing 
means are further characterized toy a digital microprocessor device and said apparatus is further character- 
ized by means for digitizing the first and second optical into data acceptable for processing by the 
microprocessor device. 

50 
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